Traces of Si(IV), P(V), and As(V) in an iron sample solution were converted into heteropoly molybdic acids at 0.5 M acidity. They were extracted into a tiny amount of 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ([BMIM][NTf2]), leaving the iron(III) matrix in the solution. The ionic liquid was diluted with methanol and analyzed by high-performance liquid chromatography with spectrophotometric detection at 310 nm. The distinct, well-separated peak was obtained for Si(IV), while the peaks of P(V) and As(V) were not separated from each other. To discriminate between P(V) and As(V), the extracted molybdoarsenic acid was decomposed with tetramethylammonium hydroxide before the HPLC analysis. The proposed method allowed the determination of Si, P, and As at low-to sub-μg g -1 levels in high-purity iron metals.
Introduction
Iron metals are essential materials in various fields of industry. The properties of iron metals strongly depend on the impurities, even at low μg g -1 or lower levels, 1, 2) which makes the trace analysis important for the quality control and gaining further insight into the synergistic action and correlation of trace impurities.
The determination of Si, P, and As in iron metals is generally performed by spectrophotometry. For example, Japanese Industrial Standards Committee (JIS) recommends the use of molybdate to convert the analyte elements into heteropoly molybdic acids for the spectrophotometric determination at μg g -1 levels. [3] [4] [5] However, higher sensitivity is often required to obtain the accurate and precise results, especially for high-purity iron metals. Alternatively, hydride generation followed by microwave induced plasma-or inductively coupled plasma-atomic emission spectrometry offered the determination of As [6] [7] [8] and P 9) at low μg g -1 levels, though these methods required special analytical instruments.
During the course of our study on the separation techniques for the analysis of iron metals, [10] [11] [12] [13] we found that a polyoxyethylene-type nonionic surfactant-coated resin provided the quantitative extraction of heteropoly molybdic acids. 13) The desorption was made by decomposing them with an alkaline reagent and the obtained solution was acidified again to form heteropoly molybdic acids for the determination by high-performance liquid chromatography (HPLC). The sensitivity was high enough to determine P and As even at sub-μg g -1 levels, though the determination of Si was difficult due to the serious contamination of the coated resin. The desorption yield of P was also slightly low (80-90%).
In the present study, these drawbacks have been successfully overcome by the use of an ionic liquid. This type of liquid has emerged as an attractive alternative extraction medium to conventional organic solvents because of the low volatility and flammability. [14] [15] [16] [17] In addition to the safety, ionic liquids have a unique property of extracting charged and modesty hydrophobic species, possibly via ionexchange. An example is the extraction of some alkali and alkaline-earth metals complexed with neutral ligands (e.g., crown ethers). [18] [19] [20] Very recently, we have reported the extraction of a cationic dye methylene blue [3,7- bis(dimethylamino)phenazathionium] for the spectrophotometric determination of trace S(-II) in water. 21) The present paper describes the ionic liquid-based extraction of heteropoly molybdic acids of Si(IV), P(V), and As(V) for the HPLC analysis of high-purity iron metals. After the extraction, the ionic liquid was diluted with methanol and directly analyzed by HPLC for the extracted heteropoly molybdic acids. Contamination through the whole procedure was well-controlled and minimized, which allowed the determination of Si, P, and As down to the ng g -1 level.
Experimental

Apparatus and Reagents
An HPLC system consisted of a Jasco (Tokyo, Japan) PU-2085 pump, a Rheodyne (Rohnert Park, CA, USA) 8125 six-way injection valve with a 5-μL sample loop, a Merck porous n-octadecylsilanized silica), and a Jasco UV-2070 spectrophotometric detector.
A standard P(V) solution (1.0 mg mL -1 ) was prepared by dissolving potassium dihydrogenphosphate (Wako Jun-yaku, Osaka, Japan) in water. A standard As(V) solution (1.0 mg mL -1 , H3AsO4 in 0.5 M HNO3) was purchased from Merck. A standard Si(IV) solution (1.0 mg mL -1 , Na2SiO3 in 0.2 M Na2CO3) was purchased from Wako Jun-yaku. A molybdate solution (0.10 M) was prepared by dissolving sodium molybdate dihydrate (Nacalai Tesque, Kyoto, Japan) in water. The ionic liquid used was 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ([BMIM] [NTf2], special grade for advanced material research, Kanto Kagaku, Tokyo, Japan). An aqueous 25% (w/w) tetramethylammonium hydroxide (TMAH) solution (ultra-pure grade) was purchased from Tama Kagaku Kogyo (Kawasaki, Japan) and diluted with methanol (>99.8%, Wako Jun-yaku) to give a 2.7 mM TMAH solution. Hydrochloric acid (12 M) and nitric acid (16 M) were of ultra-pure grade (Kanto Kagaku). An aqueous 60% (w/w) acetonitrile solution containing 0.50% (w/w) tetrabutylammonium bromide (Tokyo Kasei, Tokyo, Japan) and 0.10% (w/w) trifluoroacetic acid (Wako Jun-yaku) was used as a mobile phase at a flow rate of 0.30 mL min -1 . An iron(III) solution (100 mg mL -1 ) was prepared from 99.998% purity iron metal (powder, Johnson Matthey, Ward Hill, MA, USA). Certified reference materials (CRM) for high-purity iron, JSS 001-6 and JSS 003-5 (chips), were obtained from Japan Iron and Steel Federation (Tokyo, Japan). Another CRM for high-purity iron, NIST 2168 (chips), was obtained from National Institute of Standard and Technology (Gaithersburg, MD, USA).
All reagents used were of reagent grade, unless otherwise stated. Water was purified with a Millipore (Billerica, MA, USA) Milli-Q Gradient A-10 system.
Procedure
A 1.00-g iron sample was decomposed with 3.0 mL each of 12 M HCl and 16 M HNO3 at ca. 60°C and diluted to 10 mL with water. A 1/12.5-aliquot (80 mg as Fe) of the solution was taken in a 15-mL centrifugation tube, into which 3.0 mL of molybdate solution was added. The solution was diluted to 10 mL with water while adjusting the acidity to 0.5 M with 6 M HCl. The solution was heated at 80°C for 15 min to form heteropoly molybdic acids. After cooling with running water for 3 min, the solution was vigorously shaken with 150 μL of [BMIM][NTf2] for 2 min to extract the heteropoly molybdic acids. The ionic liquid phase (decreased to ca. 80 μL due to the partial dissolution in the aqueous phase) was separated on the bottom by centrifugation at 7 000 g for 5 min, collected in a graduated vessel with a microsyringe, and diluted to 100 μL with [BMIM] [NTf2]. A 1/2-aliquot (50 μL) of the solution was taken, mixed with 150 μL of methanol, and analyzed by HPLC to obtain a peak of Si and a sum peak of P and As at 310 nm. The remaining aliquot (50 μL) was mixed with 150 μL of methanolic TMAH and left to stand for 5 min to decompose the molybdoarsenic acid. The solution was subjected to HPLC for the determination of P. The concentration of As was calculated by subtracting the P from the sum peak. Calibration graphs were prepared by performing the heteropoly molybdic acid-formation, extraction, and HPLC procedures with a series of 0.5 M HCl containing nanogram amounts of Si(IV), P(V), and As(V).
Results and Discussion
Formation and Extraction of Heteropoly Molybdic
Acids In our previous study, 13) the formation of heteropoly molybdic acids was performed at pH 1.5 with 2.5 mM of molybdate. However, the formation of molybdophosphoric acid was interfered by an iron(III) matrix. For example, the recovery was 41-51% in the presence of 5.0 mg of iron(III). The iron(III) was therefore masked with the stoichiometric amount of ethylenediaminetetraacetic acid (EDTA). In the present study, the reaction conditions were again investigated to obtain heteropoly molybdic acids without EDTA because preliminary experiments showed that 10 mg of iron(III) did not affect the formation of molybdophosphoric acid at 0.1 and 1.0 M acidities.
First, the effect of the acidity was investigated. A series of HCl solutions containing Si(IV), P(V), or As(V) was treated with 30 mM of molybdate and directly (i.e., without extraction) injected into the HPLC system to evaluate the formation of heteropoly molybdic acids. The experiments were made individually for each analyte because P(V) and As(V) gave the same retention time; this problem was eventually circumvented by the selective decomposition of molybdoarsenic acid, as described in Section 3.2. Figure  1(a) shows the peak heights of heteropoly molybdic acids as a function of the acidity. The formation of heteropoly molybdic acids was sufficient up to 0.7 M acidity. In our previous experiments at pH 1.5 with 2.5 mM of molybdate, the complexation equilibria were attained within 5 min at room temperatures. 13) At a higher acidity of 0.5 M, however, the heating at 80°C for 10 min and the further addition (30 mM) of molybdate were required, as shown in Fig. 1(b)  and 1(c) . Under the optimal condition, up to 80 mg of iron(III) gave no interference, as described in Section 3.3.
Next, the extraction behavior was investigated using [BMIM] [NTf2] because of the relatively low viscosity and solubility in water [52 cP and 0.7%(w/w), respectively, at 25°C]. 16) Longer alkyl chain-introduced imidazolium salts were less soluble in water, though they were more viscous. was employed in the following studies.
The ionic liquid-based extraction has advantages over the conventional JIS extraction methods using 4-methyl-2-pentanone and isobutyl acetate. 4) They are ill-smelling, whereas [BMIM] [NTf2] was non-smelling. The undissolved ionic liquid was precipitated on the tapered bottom of the centrifugation tube, which was suitable for collecting tiny amounts of it with a microsyringe. 4-Methyl-2-pentanone and isobutyl acetate, however, are floated on the water surface, which makes the collection difficult on a small scale. ). For the HPLC analysis, the 4-fold dilution of the ionic liquid with methanol was indispensable, otherwise the HPLC column was seriously fouled with the ionic liquid. The distinct, well-separated peaks were obtained for Si(IV) and P(V), as shown in Fig. 2(a) . On the other hand, the As(V) previously added to the sample solution was detected at the same retention time as P(V), as shown in Fig. 2(b) . Although the concentrations of acetonitrile and tetrabutylammonium bromide (ion-pairing reagent) were varied, the peaks of P(V) and As(V) were not resolved.
Determination of Si(IV), P(V), and
Alternatively, the discrimination between P(V) and As(V) can be achieved, provided that molybdophosphoric or molybdoarsenic acid is selectively decomposed before HPLC. In our previous study, 13) some organic acids (e.g., oxalic, citric, and tartaric acids) provided the selective decomposition of molybdoarsenic acid. These acids, however, were useless in the present study. This may be ascribed to the great difference in the reaction conditions including the acidity, the concentration of the coexisting molybdate, and the kind of the solvent.
As an alternative to organic acids, an alkaline reagent TMAH was examined. After the extraction, the ionic liquid was diluted with methanol containing TMAH. Figure 3(a) shows the decomposition curves in the presence of 2.0 mM TMAH. Molybdophosphoric acid was stable for 10 min while molybdoarsenic acid was completely decomposed within 2 min. As shown in Fig. 3(b) , the TMAH concentration of 2.0 mM was suitable for the selective decomposition of molybdoarsenic acid.
The JSS 003-5 sample solution, to which As(V) had been added, was treated with molybdate and the formed heteropoly molybdic acids were extracted into [BMIM] [NTf2]. The ionic liquid was diluted with methanolic TMAH, left for 5 min, and analyzed by HPLC. The obtained chromatogram is shown in solid lines in Fig. 4 . Subtracting the peak of P(V) from the sum peak of P(V) and As(V) provided the determination of As(V).
Analysis of Synthetic and Real Samples
Synthetic sample solutions were prepared by mixing a series of iron(III) solutions with the known amounts of Si(IV), P(V), and As(V). The resulting solutions were treated by the proposed method. Table 1 gives the recoveries of Si(IV), P(V), and As(V) in the presence of different amounts of iron(III). The satisfactory recovery was obtained for up to 80 mg of iron(III). Figure 5 shows the relations between the amounts of the analyte elements added and found in the presence of 80 mg of iron(III). The linear relation with slopes of 0.99-1.02 indicates that almost the complete recovery can be obtained even at the ng levels. The iron in the final solution (determined by graphite-furnace atomic absorption spectrometry) was 0.3-0.9 μg, which did not interfere with the HPLC analysis. Finally, CRMs for high-purity iron (NIST 2168, JSS 001-6, and JSS 003-5) were analyzed for the validation of the proposed method. The sample decomposition was performed with a mixture of HCl and HNO3 to ensure the oxidation of the analyte elements; if in low oxidation states [e.g., P(III) and As(III)], they would not afford heteropoly molybdic acids. As given in Table 2 , the analytical results were constituent with the certified or indicative values. The analyte elements previously added to the sample solutions were recovered successfully. The blanks through the whole procedure were not detectable (Si <0.06 μg g -1 , P <0.1 μg g
).
The results obtained here demonstrate the usefulness in the analysis of high-purity iron metals for Si, P, and As at low-to sub-μg g -1 levels. Fig. 2(b) , where the ionic liquid was diluted with methanol. Si(IV) 1.5 μg, P(V) 0.8 μg, As(V) 2.0 μg. b Not detected (<0.2 μg g
